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ABSTRACT 
 The effect of changing edge safety factor on the toroidal flow of the STOR-M plasma has 
been investigated during the application of both resonant magnetic perturbation (RMP) and 
compact torus injection (CTI). The edge safety factor was varied by varying the plasma current 
while keeping the toroidal field constant. A Czyner-Turner spectrometer was used to collect the 
spectral data from which the velocity of specific impurity ions was diagnosed. Time resolved 
velocity measurements were inferred from the Doppler wavelength shift of the emission lines. 
Impurity emission lines at different ionization stages are located at different radial locations 
within the STOR-M plasma. Properties of these impurity ions are assumed to be closely related 
the hydrogen ion (main working gas) due to the strong interaction among the ion species. 
 Changing the edge safety factor has a similar effect on the toroidal flow of STOR-M 
plasma during discharges with both RMP and CTI. A velocity shear was discovered for different 
impurity ions. The toroidal flow is enhanced for edge ions while a reversal of flow is observed 
for core ions. As the edge safety factor reduces, the emission location for the core ions is located 
with 𝑞 = 2 surface and RMP has a significant impact on their toroidal flow velocity. It was also 
observed that CT injection has a significant effect on the toroidal velocity of the core ions 
compared to that of the edge ions. In addition, high plasma current (low safety factor) induced 
large change in the toroidal flow velocity of the STOR-M plasma. 
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Chapter One 
Introduction 
In this chapter, the need for the exploitation and development of sustainable fusion energy 
sources will be discussed. Focus would be on the operation of the STOR-M tokamak with a brief 
description of some relevant features and operation of a generic tokamak. The objective of this 
research will be discussed and an outline of the thesis will be given. 
 
1.1  Background 
Energy is one of the major building blocks of the modern society. The availability of an 
adequate and reliable supply of energy is essential for economic development. The world now 
faces an energy shortage, which can only be resolved by the development of new energy 
technologies. A feasible option is the creation of a large-scale environmentally friendly energy 
source such as fusion energy to be discussed in this thesis. The fusion energy source is based on 
nuclear fusion reaction in which two particles of smaller masses and charge come together to 
form a heavier particle. As a consequence of special theory of relativity, when the mass of some 
system reduces by an amount ∆𝑚, then an amount of energy 𝐸 is released 
 𝐸 =   ∆𝑚𝑐! (1.1) 
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where 𝑐 is the speed of light. This is the basis on which energy is derived from nuclear reactions. 
The sun is the best example of a burning fusion reactor. The fusion of hydrogen is the main 
reaction that powers the sun. 
 The most tractable fusion reaction to create experimentally is between deuterium 𝐷!!  and 
tritium   𝑇!! . This reaction has a higher cross section at practically lower energies compared with 
other fusion reactions [1]. Deuterium is abundant in seawater while tritium can be breed from 
nuclear reactors by neutron activation of lithium. A typical reaction is  
 𝐷!! + 𝑇!! →    𝐻𝑒 3.5  MeV + 𝑛!!!! (14.1  MeV) (1.2) 
where 𝐻𝑒!!  is an 𝛼-particle and 𝑛!!  is an energetic neutron. The 𝐷-𝑇 reactions occur at a higher 
cross-section compared with other fusion reactions at the same energy, thereby making it easier 
to build such a reactor [2]. For a fusion power reactor, the majority of the neutron would be used 
to breed tritium from a lithium blanket around the fusion reactor core. The physical parameters 
necessary for this reaction to happen requires the charged particles to overcome the repulsion 
force between them. An economically viable reactor requires sufficiently high temperature and 
densities resulting in a state of matter known as plasma, which is a quasi-neutral gas composed 
of neutral and charged particles exhibiting collective behaviours. The plasma also needs a high 
confinement time for a practical fusion reactor [3].  
There are two methods of plasma confinement in the laboratory. The first is inertial 
confinement fusion, which makes use of high-power pulsed lasers to compress a fusing target 
[4]. The second, which is the most relevant for this thesis, is magnetic confinement fusion. This 
scheme makes use of the Lorentz force for charged particles in magnetic fields which can trap 
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the charged particles perpendicular to their field direction [5]. Several magnetic field topologies 
have been considered, however the tokamak is the most developed and promising approach. The 
most stable shape for magnetically confined plasma is a donut shape (toroid). Tokamak is a 
Russian acronym for a phrase which means toroidal vessel with magnetic coils [6]. Figure 1.1 
shows a drawing of a generic tokamak.  
 
The plasma is created in a vacuum chamber surrounded by magnetic coils which create a 
toroidal (along the large circumference) magnetic field. This field alone does not allow 
confinement of the plasma. To obtain equilibrium, in which plasma pressure is balanced by 
magnetic forces, it is necessary to have poloidal (along the small circumference of the cross-
section of the torus) magnetic field. The electric current generated in the plasma ring produces 
the poloidal field. The combination of the toroidal field and poloidal field produces helical 
Figure 1.1: A schematic of a generic tokamak showing its main components [7]. 
In order to achieve stable plasma equilibrium, a helical magnetic field is needed. 
This is created by a combination of the externally applied toroidal (along the large 
circumference) field and the poloidal (along the small circumference) field 
generated by the plasma current. 
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magnetic field lines. It is this helical magnetic field that confines the plasma. It has also been 
found experimentally that energy confinement 𝜏! improves with size and scales as 
 𝜏! ∝ 𝑎!.!𝑅!.!𝐼!!.!"𝑃!.!  (1.3) 
where 𝑎 is the mean minor radius of the plasma, 𝑅 is the major radius, 𝐼! is the plasma current 
and 𝑃 is the heating power [8].  
In order for a tokamak to be used as a reactor, additional structure modifications would 
be needed to convert the fusion power into electricity. The plasma would have to be surrounded 
by a lithium blanket to allow breeding of tritium to fuel the reactor. Also, as a measure against 
radiation damage and heating of the coils, a protective shield made of high thermal impedance 
material must be placed between the blanket and the coils. This reduces the energy flux of the 
neutrons that escape the outer wall of the blanket. The energy from the plasma and heat produced 
in the blanket would be removed by a coolant and transferred to a steam turbine engine for 
electricity generation. Figure 1.2 shows the schematic for a fusion power plant.  
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For a fusion power plant to be economically tractable, a 𝑄 ≥ 10 is needed [10]. 𝑄 is the 
ratio of fusion power to input power to heat and confine the plasma. The 𝑄 = 1 condition 
represents break even, where the input power is equal to the thermonuclear power. JT60-U, a 
Japanese tokamak, has achieved an equivalent 𝑄 of 1.25 [11]. This record so far inspires the 
confidence that an efficient reactor can be built. The remainder of this thesis describes research 
done at an experimental magnetic confinement facility called the STOR-M tokamak at the 
University of Saskatchewan. 
 
 
Figure 1.2: Layout of fusion power plant [9]. The blanket is enclosed in a sheath that 
screens the magnets, heating facilities and the other surroundings from radiations and 
neutrons. Lithium is embedded in the blanket which reacts with the neutron to produce 
tritium for fuelling the reaction 
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1.2  The STOR-M Tokamak 
1.2.1 General Description 
STOR-M is a small iron core research tokamak located in the Plasma Physics Laboratory 
(PPL) at the University of Saskatchewan. It serves as an ideal test bed for innovative studies 
relevant to fusion science and technology. Currently, it is the only device in Canada devoted to 
magnetic fusion research. Several researches done on STOR-M have been employed in the 
programs of larger tokamaks. These include Alternating Current tokamak operation [12], Ohmic 
heating [13], turbulent heating [14], plasma biasing [15] and compact torus injection [16] which 
has been proposed as a fuelling technique. The main parameters of the STOR-M tokamak are 
listed in Table 1.1.  
STOR-M is equipped with several diagnostics, which is described in more details in the 
next Chapter. The most relevant to this research is the Ion Doppler Spectrometer (IDS) and the 
Resonant Magnetic Perturbation (RMP) set up.  
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         Table 1.1:  STOR-M tokamak parameters [16]. 
Parameter Symbol Value / Range 
Plasma current 𝐼!    20− 40  kA  
Discharge duration 𝑡!    50  ms  
Toroidal magnetic field 𝐵!    1  T  
Energy Confinement time 𝜏!    1− 3  ms  
Major radius 𝑅   46  cm  
Minor radius 𝑎   12  cm  
Electron temperature 𝑇!    220  eV  
Ion temperature 𝑇!    50− 100  eV  
 
 
1.3  Goals of this thesis 
Tokamak plasma is subject to a number of instabilities. Safety factor 𝑞 plays a key role in 
determining plasma equilibrium and stability in tokamaks. In an axisymmetric equilibrium, 
each magnetic field surface corresponds to a value of safety factor 𝑞 [17]. Safety factor 
depicts the helical magnetic field line configuration (i.e. the number of times a magnetic field 
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line goes around toroidally for each time poloidally). If 𝑞 = !! , where 𝑚  and 𝑛 are intergers, 
the field line joins up on itself after 𝑚 toroidal and 𝑛 poloidal rotations round the torus. 
Hence 𝑚 is the poloidal mode number and 𝑛, the toroidal mode number.  
For a tokamak with a circular cross-section and large aspect ratio [18],  
 𝑞(𝑟)=    𝑟𝐵!𝑅𝐵! (1.4) 
where 𝑟 is the minor radius,  𝐵! is the poloidal magnetic field, 𝑅 is the major radius and 𝐵! 
is the toroidal magnetic field. Using Ampere`s law to write the poloidal magnetic field in 
terms of plasma current 𝐼!, the safety factor for an axially symmetric system at the plasma 
edge becomes  
 𝑞(𝑎)=   2𝜋𝑎!𝐵!𝜇!𝑅𝐼!  (1.5) 
Stability of plasma requires the safety factor at the center to be greater than 1, 𝑞 0 > 1 [19]. 
The radial profile of 𝑞 usually has its minimum value at or close to the magnetic axis and 
increases outwards. The 𝑞-profile for different plasma current at constant toroidal magnetic 
field is shown in figure 1.3.  
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For this research, the effects of changing edge safety factor on the toroidal plasma flow 
were studied. This was done by increasing the plasma current while keeping the toroidal 
magnetic field constant. In doing so, the 𝑞 = 2 surface moved radially outward and the effect 
of RMP and CTI on toroidal plasma flow with varying edge safety factor was investigated. 
Diagnostics from the IDS was used for the flow measurement.  
Plasma flow and fluctuation suppression is very important in tokomak plasma. The 𝑚 𝑛 = 2 1 tearing mode, which takes the form of magnetic islands, grows near the 𝑞 = 2 
surface [20]. Also, error fields arise from misalignment of the coils or the internal winding 
structure, introducing perturbing components to the magnetic field. Spinning the plasma 
toroidally would substantially diminish the island size and reduces coupling between the 
𝐼!! 𝐼!!	  𝐼!! 
a 
Figure 1.3: Plot showing schematic 𝑞-profile with different 
plasma current. As current increases, safety profile reduces and 𝑞 = 2 surface moves radially outwards. 𝐼!! > 𝐼!! > 𝐼!!. 
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magnetic island and the error field if the angular frequency of rotation is sufficiently higher 
than the nonlinear growth time of the tearing mode island [21]. It has been observed that, 
RMP fields induce either electromagnetic torque or neoclassical toroidal viscosity torque 
resulting in plasma rotation [22]. For very small error fields, this rotation prevents large 
island growth. This results in stabilizing instabilities in the tokamak plasma.  
 Previous studies were done with varying RMP current, however for this research, RMP 
current would be kept constant and plasma current would be varied. The results would be 
compared with previous measurements for consistency.  
 
1.4  Thesis Outline 
This thesis is laid out as follows. 
Chapter Two covers the generic description of a tokamak with emphases on STOR-M and 
its major diagnostics. The structural components of STOR-M as well as their mode of operation 
will be discussed. 
Chapter Three describes the theory behind this study. The features of spectral line shape 
creation and their analysis is discussed. Also, the broadening mechanisms which the spectral 
lines are subject to, are described. 
Chapter Four describes the design and components of the IDS system installed on  
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STOR-M. The operating principle of the IDS is outlined. The method of alignment and 
calibration of the IDS system is explained. 
Chapter Five highlights the experimental results of this study. The flow velocity of impurity 
ions is measured during the application of RMP and CTI. The result is categorized into core 
emissions and periphery emission.  
Chapter Six summarizes the key results of this study.  
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Chapter Two 
STOR-M Tokamak and Diagnostics 
 
2.1 Introduction 
 In the first chapter, an overview of a generic tokamak was discussed. A more detailed 
description of the STOR-M tokamak and its major diagnostics will be presented in this chapter. 
To begin, a brief history of STOR-M will be given, highlighting its key features.  This is 
followed by an overview of each diagnostic and its core operating principle. 
 
  
2.2  STOR-M Tokamak and Diagnostics 
STOR-M tokamak was built following STOR-1 and STOR-1M [23].  Its toroidal coil 
system was also updated in 1994 to increase the toroidal field strength. The first research 
experiments can be dated back to 1997  [24] and has logged over 267000 discharges to date. Its 
vacuum chamber consists of two halves, which are insulated electrically by two ceramic breaks. 
A stainless steel limiter is used to separate the hot plasma from the inner chamber wall during   
discharges. The limiter consists of a circular part of radius 13  cm (inboard and outboard) and a 
pair of horizontal rails at 12  cm (top and bottom). This configuration allows the plasma column ±1  cm horizontal shift without being scraped off [25]. The chamber is equipped with twenty-
three ports for various diagnostics, gas feeding and pumping. There are eleven vertical ports, ten 
horizontal ports and two tangential ports. One of the horizontal and vertical ports each was used 
for taking optical measurements in this research. The vacuum pumping system in STOR-M 
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consists of a rotary pump and a turbo-molecular pump (TMP) connected via a set of valves. The 
chamber is evacuated to a base pressure of 1×10!!  Torr prior to operation. For normal 
operations, the vacuum chamber is filled with ultra-pure hydrogen (99.999%) to a pressure of 
about  1.4×10!!  Torr. Figure 2.1 shows the side view of the STOR-M tokamak configuration. 
 
           
 
 
Figure 2.1: Side view of the STOR-M tokamak configuration [25]. OH 
is the Ohmic primary coils (8 turns), VE represents Vertical Equilibrium 
field coils and FB are coils for feedback plasma position control and 
induction coils for fast turbulent heating current. 
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Charging and discharging capacitor banks in a precise time sequence provide the currents 
necessary to induce toroidal magnetic field and plasma current. Presently, the capacitor banks are 
charged in three minutes and discharged in	  50  ms during each four-minute operation cycle, to 
generate and maintain plasma. During each cycle, an Ohmic bias bank is discharged to the main 
transformer to magnetically saturate the core, maximizing the magnetic flux available for 
discharge. The 𝐵! bank triggers next through an ignitron delivering up to 12  kA to the toroidal 
field coil [26]. A hot filament system is used to assist an RF (radiofrequency) system in 
generating a low temperature RF plasma. Lastly, the fast Ohmic bank is discharged for current 
buildup followed by a slow bank for maintaining a flat plasma current plateau. The sketches of 𝐵! and Ohmic coil current waveforms are shown in Figure 2.2. 
 
 
 
 
100 44 30 
RF 
0 t ms 
Arb.	  
Unit	  
𝐼!"#$   
Figure 2.2: Timing parameters for STOR-M discharge [27]. The waveforms of 𝐵!, 𝐼!"  and 𝐼!"#$   are shown. 
𝐵! 	  
𝐼!"	  
	   	   	   	   	   	  
	   	   15	   	  
	   	   	   	   	   	  
	   	   	  
2.3  STOR-M Diagnostics 
 The discharge parameters in STOR-M are monitored using a standard set of diagnostic 
equipment. For the majority of the diagnostics, non-invasive techniques are employed. This 
allows many plasma parameters to be determined without disturbing the plasma significantly. 
Diagnostic instruments used on STOR-M include: Rogowski coils, voltage pick-up loop, a 4-mm 
microwave interferometer, position sensing coils, x-ray detectors, Mirnov coils and Langmuir 
probes.  The diagnostics which are routinely used will be described in the next sub-sections. 
Recent additions to STOR-M diagnostics include an ion Doppler spectroscopy (IDS) system [28] 
and a resonant magnetic perturbation (RMP) system [29]. The IDS is employed for toroidal 
plasma flow measurements and the RMP has been used to study the suppression of magnetic 
islands in STOR-M [30]. 
 
 
2.3.1  Rogowski Coil 
 The current in the various field windings of the STOR-M tokamak and within the plasma 
itself is measured with Rogowski coils. A Rogowski coil consists of 𝑁 turns of wire wound 
around a closed non-magnetic insulator frame with a uniform cross section. A typical Rogowski 
coil is illustrated in figure 2.3 where 𝐴  is the area of a small loop in the windings. When a current 𝐼 passes through the coil, the generated voltage signal 𝑉!" , is proportional to the time rate of 
change of the magnetic flux 𝛷 
 𝑉!" =   −𝑑𝛷𝑑𝑡  (2.1) 
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Form Faraday`s law of induction, the flux linking the entire coil is given by  
 𝛷 =   𝜇𝑁𝐴𝐼 (2.2) 
where 𝜇 is the magnetic permeability. The current enclosed by a Rogowski coil is determined by 
integrating the picked up voltage as 
 𝐼 =   − 1𝜇𝑁𝐴 𝑉!" 𝑑𝑡 (2.3) 
As a measure against pick up of unwanted magnetic flux, a return winding is wound in the 
opposite toroidal direction on the Rogowski coil. The signals picked up are carried by coaxial 
cables to the data acquisition system where they are integrated by actively gated integrators. The 
frequency response of each coil is linear up to 800  kHz  [31], which is adequate for measuring 
current in STOR-M. Homemade coils are calibrated against a commercial Rogowski coil 
manufactured by Pearson Electronics before installing on STOR-M. 
 
                                
 
 
 
Figure 2.3: Schematic of a typical Rogowski coil [40]. 
VRC	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2.3.2   Plasma Loop Voltage 
 The plasma loop voltage  𝑉! is determined by measuring the voltage of a toroidal loop 
wire parallel to the plasma current. On STOR-M, a single loop on the top of the vacuum chamber 
measures the plasma loop voltage. The measured loop voltage arises from both the resistance 𝑅! 
and the inductance 𝐿!  of plasma 
 𝑉! =    𝐼! 𝑅! + 𝑑(𝐼!𝐿!)𝑑𝑡  (2.4) 
In a tokamak, the plasma resistance and plasma inductance are given by [32] 
 𝑅! =   𝜂 !!"!!!     and   𝐿! = 𝜇!𝑅 ln !!! + !!! − 2  (2.5) 
where 𝑅 is the major radius of the plasma column, 𝑎 is the minor radius,  𝜂 is the plasma 
resistivity and 𝑙! is the plasma internal inductance parameter expressed as [32] 
 𝑙! =    𝐵!!𝐵!! 𝑎  (2.6) 
The measured voltage is attenuated using a 1: 100 voltage divider and the signal is carried to the 
control room via triaxial cable where it is connected to a data acquisition system. Figure 2.4 
shows a schematic diagram of the loop voltage circuit on STOR-M. 
           
Figure 2.4: Schematic of a voltage pick-up loop circuit on STOR-M [33].  
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2.3.3   Position Sensing Coils 
  The quality of a plasma discharge depends on the position of plasma column within the 
vacuum vessel. The position of the plasma column is measured in STOR-M using six magnetic 
probes located immediately outside the vacuum vessel. Four probes separated poloidally by 90° 
and oriented at the minor radius of 17  cm detect the poloidal magnetic field. The other two, 
oriented above and below the vacuum vessel, detect radial magnetic field. The orientation of 
these six probes is illustrated in Figure 2.5. 
                 
 
 
  In addition to detecting magnetic field produced by the plasma current, the position 
sensing coils pick up unwanted fields. This is primarily due to misalignment and imperfections 
of the toroidal coil system. These stray magnetic fields are eliminated using compensation 
Figure 2.5: Plasma position sensing coils on STOR-M [29]. The six probes together 
detect poloidal and radial magnetic field. The magnetic probe signals must be 
compensated for unwanted magnetic field using compensation circuits. 
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circuits, from which their current waveform are added to sensing coil signals with appropriate 
amplitudes and polarities [34]. 
 
2.3.4   Mirnov Coils 
 A Mirnov coil is a modified Rogowski coil with a variable winding density around the 
loop [32]. This special arrangement of the coils permits measurement of specific modes of 𝐵! 
oscillations. In tokamaks, 𝐵!   can be Fourier expanded as  
 𝐵! 𝜃 = 𝐵! + 𝐶! cos 𝑚𝜃 + 𝑆! sin 𝑚𝜃!!!!    (2.7) 
where 𝐵! is the unperturbed field. The periodicity in the magnetic fluctuations is because the 
solution must be periodic around the poloidal angle 𝜃.  
 In total, a set of thirty-two discrete Mirnov coils have been installed on STOR-M. The 
coils are arranged into four poloidal arrays tailored to measure different modes of fluctuations. 
The relation between the spatial resolution of arrays and the poloidal mode numbers is expressed 
as the total number of coils divided by 2 i. e. , total  number  of  coils 2 .  Two of the arrays have 
twelve Mirnov coils poloidally separated by 30°. These two arrays can detect poloidal mode 
numbers up to 𝑚 = 6. The remaining two arrays contain four coils each, poloidally separated by 90°. This permits measuring poloidal mode numbers up to 𝑚 = 2. One coil from each of the  
poloidal array is configured to form a 4-coil toroidal array. This enables detection of toroidal 
mode numbers 𝑛 = 1 and 𝑛 = 2, which are dominant toroidal modes in STOR-M [35]. Figure 
2.6 shows a schematic of the locations of the Mirnov arrays on STOR-M.  
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The magnetic signals from the Mirnov coils are transmitted to an aluminum breakout box 
where they are terminated by 50  Ω resistors. The signals are then conveyed to the data 
acquisition system via coaxial cables. The data acquisition system is equipped with 14 bit 
digitizers from National Instruments. The digitizers have a sampling rate of up to 1  MHz [36] 
and are controlled by a LabVIEW program. The raw Mirnov signals are analyzed using a 
MATLAB numerical analyses code which has already been developed.  
 
 
 
Figure 2.6: (a) Mirnov array configuration in STOR-M [29]. Four 
arrays are used. Arrays #1 and #2 each has 12 coils, while Arrays 
#3 and #4 have 4 coils each. 
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(b) Coils configuration of arrays #1 and #2 [35]. Coils are 
poloidally separated by 30  
(c) Coils configuration of arrays #3 and #4 [35]. Coils are 
poloidally separated by 90 . 
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2.3.5   Ion Doppler Spectroscopy (IDS) System  
 The IDS system is a novel technique which permits non-invasive measurements of 
plasma flow velocity using different ion impurities. The IDS system on STOR-M is constructed 
on a SPEX 1702 0.75-meter spectrometer. It is a symmetrical Czerny-Turner spectrometer with  
a diffraction grating of 1200 grooves/mm  and blazed at 5000  Å [37]. It consists of two concave 
mirrors with equal focal lengths. Light is transmitted from the plasma to the spectrometer using 
an optical fiber. At the spectrometer end, the light is dispersed and further magnified by a fused 
silica cylindrical rod lens at the exit of the spectrometer. The magnified spectrum is detected by a  16-channel photomultiplier tube (PMT) array enclosed in a light tight aluminium box. The 
current signal from the PMT is converted to voltage signal using a current-voltage preamplifier 
built on operational amplifiers. The voltage signals are conveyed to the data acquisition system  
via coaxial cables. The plasma flow velocity is estimated from the spectroscopic measurement of 
the Doppler line wavelength shift. The unshifted wavelength is measured from a normal port on 
STOR-M tokamak, and the Doppler shifted wavelength is obtained from a tangential port. The 
mechanism of plasma flow will be discussed in the next chapter. Figure 2.7 shows the setup of 
the IDS system installed on STOR-M. For spectroscopic measurements in STOR-M, three lines;  C!!!,O!  and  C!" are used. These lines are relatively stronger than other emission lines and 
possess a reasonable signal level in STOR-M [28]. In STOR-M, C!!! is located at the plasma 
edge, while O!  and  C!" are near the plasma core due to the intrinsic radial profile of the electron 
temperature in the plasma.  
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2.3.6   Resonant Magnetic Perturbation (RMP) System 
An RMP system has been installed on STOR-M, currently for magnetic fluctuation 
suppression studies. The system consists of two helical windings around the vacuum chamber 
poloidally separated by 90° [29, 30]. The RMP field is produced by driving a current pulse with 
equal magnitudes but opposite direction through the two sets of windings. This cancels out 
induction effect and transformer effect to and from other coils in the tokamak circuits and 
plasma current in particular [30]. The current pulse is generated with capacitor banks and gated 
by an IGBT or SCR switch. For the present setup, the RMP circuit produces slow RMP (SRMP) 
and fast RMP (FRMP) pulses. The SRMP pulse has a nearly constant current of 1  kA and 
duration of 8  ms whereas the  
Figure 2.7: Setup of the IDS system installed on STOR-M [29]. Targeted 
impurity lines and the corresponding radial position are also shown. Blue 
is for C!!!, green O! and red C!". Note that the locations of the peak 
emission radial location are only for plasma current 22  kA. 
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FRMP pulse is 1.5  kA and lasts for about 0.5  ms. The FRMP is typically fired during the SRMP 
current flat-top.  
To achieve resonant interaction, the coils have to be configured in such a way that their 
helicities match the helicity of the magnetic perturbations (islands). The RMP coil installed on  
STOR-M targets the (2, 1) magnetic perturbation [29, 30]. The current generated by the RMP 
pulses are measured with a Rogowski coil positioned at the low branch of a 1: 9 current divider.  
Figure 2.8 shows the layout of the RMP coils installed on STOR-M. The current waveform is 
then sent to the data acquisition system using a coaxial cable where it is attenuated by a standard 
10× BNC attenuator.  
 
 
 
Figure 2.8: Configuration of RMP coils on STOR-M [35]. Two set of windings 
(red and blue) with opposite polarities are used to cancel induction current and 
minimize coupling between the resonant coils and other coils. 
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Chapter Three 
Plasma Flow and Line Emission Spectra Analysis 
3.1 Introduction 
This chapter focuses mainly on the theories and physics underlying this research. The 
concept of impurity emission will be developed and this concept will be used as a basis for 
establishing the mechanism of plasma flow. Later in this chapter, insight on Doppler shift and 
spectral line broadening will be given. 
 
3.2  Flow Measurements in STOR-M 
 Plasma flow velocity can be measured by various means. Typical diagnostics are Mach 
probes and Doppler spectroscopy. Earlier flow measurements in STOR-M were carried out using 
Mach probes which is essentially a bi-directional Langmuir probe set. The Mach probes measure 
plasma flow parallel and perpendicular to the magnetic field [38]. These measurements are 
relevant to study flows induced by biasing experiments. In the presence of a mean plasma flow, 
the Mach probe is biased in the ion saturation currents at specific angular directions [39]. The 
ratio of the upstream ion saturation currents 𝑗! to the downstream ion saturation currents 𝑗! is 
given as [40]  
 𝑗!𝑗! = 𝑒𝑥𝑝 𝐾𝑀  (3.1) 
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where 𝐾 is a calibration constant dependent on 𝑇! and 𝑇!, and 𝑀 is the Mach number. The 
plasma flow velocity can then be deduced from the asymmetry of the saturation currents between 
the upstream and downstream probes. Equation (3.1) holds if the ion temperature is on the same 
order or larger than the electron temperature 𝑇! 𝑍𝑇! ≫ 1    where 𝑍 is the ionization state [41]. 
The Mach number gives a good estimate of the flow speed in units of ion sound speed [42] 
 𝑀 = 𝑣!𝑐! = 1𝐾 ln 𝑗!𝑗!  (3.2) 
The Mach probes can merely measure flow velocity at the plasma edge or in the scrap-off-layer 
(SOL) region and also, it needs to be inserted inside the plasma for measurement. 
 The Ion Doppler Spectroscopy (IDS) is a non-intrusive diagnostic method and the system 
installed on STOR-M is mechanically isolated from the tokamak. In contrast to the relatively 
simpler design and operation of Mach probes, the IDS system is made up of delicate optical 
components and can be electrically and mechanically separated from the tokamak. Its working 
principle is based on the Doppler effect, a technique which enables the measurement of 
velocities of moving light emitting sources. The wavelength of light emitted by a moving object 
changes due to the relative motion between the object and the observer. The Doppler wavelength 
shift of spectral lines occur when the source emitting the line radiation is moving away (red-
shift) from or moving towards (blue-shift) the observer. Since this study was carried out using 
the IDS, the remainder of this this thesis will focus mainly on this system. 
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3.3  Physics of IDS 
 As mentioned earlier, the principle behind the operation of the IDS is the Doppler effect. 
The IDS system observes well-defined spectral lines from impurity ions in magnetic confined 
plasma. Fusion plasmas are typically generated from ionization of a neutral gas. In most cases 
isotopes of hydrogen are used as the plasma fuel. However, in any fusion device, other types of 
ions (impurities) are also present. Impurity ions in fusion devices can originate from various 
sources such as organic materials used for fabricating probes inserted into the chamber, 
sputtering from chamber walls, as well as outgassing from the chamber walls. They also exist 
naturally due to the inability to achieve a perfect vacuum in a fusion reactor before fuelling [43]. 
In effect, elements such as nitrogen, oxygen and carbon can be found in small quantities in 
typical plasma discharges. Atoms and ions of the hydrogen and trace impurities emit radiation 
when transitions of electron occur between the various energy levels of the atomic system. 
Unlike the continuum of free-electron radiation such as Bremsstrahlung, this radiation is in the 
form of narrow spectral lines subject to a number of broadening mechanisms. Valuable and often 
quite accurate diagnostic information can be obtained from these bound-electron radiations. In 
the STOR-M tokamak, properties of the impurity ions are closely related to that of the hydrogen 
ions due to the strong interaction among the ion species. Thus, impurity ion velocity 
measurement can in principle provide direct information about the hydrogen ions, which is the 
main working gas. 
 Carbon and oxygen ions have been observed in STOR-M during discharges. These ions 
have multiple ionization states with higher ionization states more abundant at higher electron 
temperature. The average electron temperature (with peaked temperature distribution at the 
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center) has been estimated to be 220  eV in the STOR-M tokamak [25]. At this temperature, 
oxygen and carbon emission lines should be observable from lower ionization states to C!" and O!""". Figures 3.1 and 3.2 show the abundance of oxygen and carbon ionization states at different 
electron temperatures.  
 
 
Figure 3.1: Abundance of oxygen at different electron temperature [44]. Between 
electron temperature range 1 − 1000  eV, oxygen is observable from O! to O!". 
Figure 3.2: Abundance of carbon with electron temperature [44]. Between 
electron temperature range 1 − 1000  eV, carbon can be observed from C! to C!"". 
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Previous study on STOR-M indicates the presence of C!!!,O! and C!" at significant levels. The 
local emissivity profile of the ions is shown in Figure 3.3. The tokamak has higher electron 
temperature at the centre than the edge corresponding to different spatial locations of the 
observed ions within the STOR-M plasma.  As expected, C!!! is located at the periphery, while O!  and C!" are located at the core. The emission profile measurements were for a plasma current 
of about 22  kA. The peak emission locations are expected to move towards the center when the 
plasma current decreases and the electron temperature decreases accordingly. For very low 
plasma current, the high ionization states may not be present due to low temperatures expected. 
 
	  
Figure 3.3: The radial profile of three emission lines in STOR-M for plasma 
current of about 22  kA  [28]. From this profile, it can be seen that, the C!!! emission 
line is peaked around 𝑟 = 7  cm, O! at 𝑟 = 3  cm while C!" is peaked at the chamber 
center.  
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3.4  Mechanism of Plasma Flow 
Plasma rotation is important in many aspects of tokamak development and has been an 
active field of research on many magnetic confinement devices. Due to the much larger ion mass 𝑚! than the electron mass 𝑚!, flow velocity in plasma is essentially equal to the ion velocity 
 𝒗 = 𝑚!𝒗𝒊 +𝑚!𝒗𝒆𝑚! +𝑚! ≈ 𝒗𝒊 (3.3) 
where 𝒗,𝒗𝒊 and 𝒗𝒆 are the plasma, majority ion and electron velocities. In tokamaks, plasma 
flow velocity can be decomposed into geometric directions (poloidal or toroidal) or into parallel 
and perpendicular directions with respect to the total magnetic field. These two decompositions 
are illustrated in Figure 3.4. For this study, the geometric decomposition will be employed with 
much emphasis on the toroidal flow. 
 
 
 
 
v 
B 
  Figure 3.4: Velocity decomposition for plasma flow [29]. The velocity components 
of plasma flow can be decomposed with respect to tokamak coordinates or with 
respect to the total magnetic field. 
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In order to examine the mechanism of plasma flow in tokamaks, the behaviour of 
particles in electric field 𝑬 and magnetic field 𝑩 needs to be analyzed. In the presence of 
magnetic field only, a charged particle exhibits a circular gyration about a fixed guiding center 
with frequency  
 𝜔! = 𝑞𝐵𝑚  (3.4) 
where 𝑞 is the charge of the particle, 𝐵 is the magnitude magnetic field and 𝑚 the mass of the 
particle. The direction of the gyration is always such that the magnetic field generated by the 
charged particle is opposite to the externally imposed field. This behaviour explains the 
diamagnetic nature of plasmas. 
 However, in the presence of both electric and magnetic fields as in tokamaks, there is a 
drift of the guiding center in addition to the circular gyration. The equation of motion is given as  
 𝑚𝑛 𝑑𝒗𝑑𝑡 = 𝑞𝑛 𝑬+ 𝒗×𝑩  (3.5) 
 To obtain the drift of the guiding center, the 𝑚 !𝒗!" term can be omitted since it gives only the 
circular motion at frequency  𝜔! [45]. In a plasma fluid, the equation of motion is 
 𝑚𝑛 𝜕𝒗𝜕𝑡 + 𝒗.∇𝒗 = 𝑞𝑛 𝑬+ 𝒗×𝑩 − ∇𝑝 (3.6) 
From this equation, equation (3.5) then becomes  
 𝑞𝑛 𝑬+ 𝒗×𝑩 − ∇𝑝 = 0 (3.7) 
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Taking cross product with 𝑩 and solving for the transverse component gives 
 𝒗! = 𝑬×𝑩𝐵! + 1𝑞𝑛𝑩×∇𝑝𝐵!  (3.8) 
The first term is the drift of the guiding center 𝒗𝑬 and is independent of the charge or mass of the 
particle. The second term is the diamagnetic drift velocity. The effect of the toroidal electric field 𝐸! on the flow is fairly small as it mostly drives electron rather than ions [46]. The radial electric 
field 𝐸!, hence is the main contribution to the plasma flow. The shape of the tokamak chamber 
also causes an inhomogeneity in the toroidal magnetic field, which varies radially as 
 𝐵! ≈ 𝐵! 1− 𝑟𝑅 cos𝜃  (3.9) 
where !! is the inverse aspect ratio and 𝜃 is the poloidal angle. The toroidal magnetic field is 
stronger in the inner side of the tokamak as compared to the outer side. This causes a peroidic 
variation in the poloidal plasma flow known as magnetic pumping [47]. The poloidal rotation is 
thus damped, except for the neoclassical contribution due to the ion temperature gradient [48]. 
Taking all these into account, the toroidal plasma velocity can be obtained from the radial 
component of Equation (3.8) as  
 𝑣! = 1𝐵! 𝐸! − 1𝑞 𝑑𝑝𝑑𝑟  (3.10) 
where positive flow is defined along the plasma current direction and both 𝐸! and  !"!" are 
negative. The two effects on the flow velocity direction are opposite. The inverse relation 
between the toroidal flow and the poloidal magnetic field can be used to determine the direction 
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of flow. Since the plasma current generates the poloidal magnetic field, reversing the direction of 
plasma current causes a reversal of the poloidal magnetic field and subsequently, the direction of 
the toroidal flow. This effect has been observed in STOR-M as well as other tokamaks. In the 
edge region, 𝑣! is in the same direction as plasma current, however, the flow is reversed in the 
core region. 
 
3.5 Spectral Line Shape Analysis 
 Characteristics of the spectral line shape act as a diagnostic for various physical 
parameters of the plasma in which the emitting species is embedded. Also, in order to fit 
experimental data to a particular model, the various mechanisms which determine the line shape 
and position need to be explored. The spectral lines are subject to several possible broadening 
mechanisms. These include Doppler shift and broadening, Instrumental broadening, Natural 
broadening, Stark broadening and Zeeman splitting. A brief description of each broadening 
mechanism will be given. 
 
3.5.1 Instrumental Broadening 
 This is mainly due to setup of the spectrometer used for measurements. Properties of the 
spectrometer affect the quality of spectrum recorded. To investigate instrumental broadening, the 
spectral line of a known light source is needed. For this study, a mercury wavelength calibration 
lamp is used. Hypothetically, the line profile for instrumental broadening is triangular or 
	   	   	   	   	   	  
	   	   34	   	  
	   	   	   	   	   	  
	   	   	  
trapezoid [49]. However, for small entrance slit widths, the line profile for instrumental 
broadening can be described by a Gaussian function. A typical model to characterize the 
instrumental function of the spectrometer used in this study is  
 𝐿 𝜆 = 𝐴𝑒𝑥𝑝 − 𝜆 − 𝜆! !2𝜎!  (3.11) 
where 𝐴 is the amplitude and 𝜆! is the central wavelength of the emission line. The full width at 
half maximum is  
 ∆𝜆!"#$ = 2.354𝜎 (3.12) 
where 𝜎 is the standard deviation. The standard deviation varies with the entrance and exit (or 
PMT detector) widths of the spectrometer. Figure 3.5 shows the relationship between measured 
instrumental broadening and the input slit width for the mercury calibration lamp. For optimal 
results, the instrumental profile width should be made as small as possible while preserving a 
significant signal level. 
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3.5.2 Doppler Shift and Broadening 
 The Doppler shift of spectral line provides a measure of the flow velocity of plasma. The 
IDS system observes well-defined spectral lines from impurity ions in magnetically confined 
plasma. The wavelength of light emitted by a moving source is perceived by an observer at rest 
to be different than it is in the frame of the source. For a source moving relative to an observer, it 
is necessary to account for the effect of the difference between the proper time measured by the 
moving source and the coordinate time measured in the observer’s frame. This is known as time 
dilation. 
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Figure 3.5: Plot showing instrumental broadening with increasing input slit 
width. In the range of 10  µμm to 200µμm for input slit width, the instrumental 
broadening varies from 0.3  Å to 1.0  Å.	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 The light frequency 𝜈! emitted by a source moving at velocity 𝑣 is seen in an observer’s 
frame as  
 𝜈 = 1+ 𝛽1− 𝛽 𝜈! (3.13) 
where = !! , 𝑐 being the speed of light. Since the emitting specie’s velocity is much smaller than 
the speed of light, the invocation of special relativity is not necessary and classical treatment of 
the Doppler effect should suffice. The first order approximation after applying binomial 
expansion to equation (3.13) is 
 𝜈 = 1+ 𝑣𝑐 𝜈! (3.14) 
Rearranging the terms in equation (3.14) gives 
 ∆𝜈 = 𝜈 − 𝜈! = 𝑣𝑐 𝜈! (3.15) 
Experimentally, the wavelength 𝜆 of a light source is more feasible and is related to frequency as 
 𝜆𝜈 = 𝑐 (3.16) 
Taking the derivative of equation (3.16) by applying the chain rule gives 
 ∆𝜆𝜆 = −∆𝜈𝜈  (3.17) 
For a plasma moving towards or away from the observer, a given spectral line will experience a 
shift in wavelength given by  
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 ∆𝜆 = − 𝑣𝑐 𝜆! (3.18) 
The net flow velocity can be determined from the line shift. In the derivation, it was assumed 
implicitly that all the emitting ions in the plasma have the same velocity. This implies that the 
plasma has zero ion temperature which is unphysical [50]. To consider the effects of 
temperature, a distribution of ion velocities is needed. As temperature increases, there is an 
increasing spread in the distribution of particle velocities. As a result, the light emitted by 
individual particles has slightly different Doppler shifts. This results in Doppler broadening of 
the spectral lines.  
 In plasmas with some equilibrium ion temperature, the velocities of particles of mass 𝑚 
is known to follow the Maxwellian distribution 𝑓(𝑣). The Maxwellian distribution of particle 
velocity is in general 3-dimensional 
 𝑓 𝑣 = 𝑛 𝑚2𝜋𝑘𝑇 !! 𝑒𝑥𝑝 −𝑚𝑣!2𝑘𝑇  (3.19) 
where 𝑛 is the number of particles per unit volume in the system and 𝑘 is the Boltzmann 
constant. For IDS measurements, the Doppler shift along a fixed line of sight is observed. Hence 
the distribution of only one component of velocity is needed. In one dimension, the Maxwellian 
velocity distribution for the radiating impurity ion becomes 
 𝑓 𝑣 = 𝑛 𝑚2𝜋𝑘𝑇 !! 𝑒𝑥𝑝 −𝑚𝑣!2𝑘𝑇  (3.20) 
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 The radiating particle in the line of sight emits light with velocity 𝑣 according to equation (3.14) 
as 𝜈 𝜈! − 1 𝑐. This gives a line shape 𝐼 𝜈  proportional to the velocity distribution function as 
 𝐼 𝜈 ∝ 𝑓 𝜈𝜈! − 1 𝑐  (3.21) 
Making this substitution, the Maxwellian velocity distribution yields a Gaussian line profile 
 𝐼 𝜈 = 𝐼!𝑒𝑥𝑝 −𝑚 𝜈! − 𝜈 !𝑐!2𝑘𝑇𝜈!!  (3.22) 
where 𝐼! is the peak intensity. The width of this Gaussian profile depends on temperature 𝑇. The 
full width at half maximum is calculated by equating the exponential term to 1 2. This gives  
 ∆𝜈!"#$𝜈! = 2 2𝑘𝑇 ln 2𝑚𝑐! !! (3.23) 
from which an estimate of the ion temperature can be found. An expression in terms of 
wavelength is needed for greater practical utility. For small fractional widths,  
 ∆𝜆 𝜆 = ∆𝜈 𝜈 (3.24) 
Using the above relation gives 
 ∆𝜆!"#$𝜆! = 2 2𝑘𝑇 ln 2𝑚𝑐! !! (3.25) 
The ion temperature can be estimated from equation (3.25) as  
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 𝑇 = Δ𝜆!"#$! 𝑐!8𝑘𝜆!! ln 2 𝑚 (3.26) 
In effect, measuring the line width permits the determination of the ion temperature, and 
measuring the line shift allows an estimate of the net flow. 
 
3.5.3 Natural Broadening 
 The mechanism of natural broadening is governed by the Heisenberg uncertainty 
principle. The quantum states of atoms have a small spread in energy which can be explained as 
follows. The lifetime of an atom in an upper state is finite due to spontaneous transitions to lower 
states. The effective spread in energy of a quantum state is given by the uncertainty principle as  
 ∆𝐸∆𝜏 ≥ ℏ2 (3.27) 
This leads to an uncertainty in the exact energy level of an electron in the excited state resulting 
in an effective broadening of the line shape. Neglecting induced transitions, the lifetime of the 
excited state will be [51] 
 𝜏 = 1𝐴!"!!!  (3.28) 
 where 𝐴!" is the spontaneous transition rates from state 𝑖 to state 𝑗. The line shape is a Fourier 
transform of the square root of the exponentially decaying probability of the electron in the 𝑖th 
state [52]. The resulting line shape is a Lorentzian   
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 𝐼 𝜈 = 𝐼 𝜈 11+ 𝜈 − 𝜈! 2𝜋𝜏 ! (3.29) 
 where 𝜈 is the frequency of the emitted light. Natural broadening is usually negligible in the 
visible but can become important for the extreme ultraviolet lines of highly ionized impurities 
[32]. It is several orders of magnitude smaller than Doppler broadening. 
 
3.5.4 Stark Broadening 
 Stark broadening is a form of the more general pressure broadening. It is due to the 
effective collisions via an electric field of an emitting particle and a particle within its vicinity. 
When an external electric field is stronger than the internal field of an atom, there is a resulting 
perturbation and splitting of the energy levels of the atom. Two main approaches have been 
developed to address this broadening effect. 
 The collisional approach developed by Lorentz [53] supposes that the atom radiates 
undisturbed for most of the time. However, there are occasional collisions between fast electrons 
and the radiator which causes the emission to be interrupted and undergoes a phase change. This 
shows up as broadening of the line. This approach also assumes that the duration of the collision 
is much less than the mean time between the collisions. Due to the statistical nature of the time 
between collisions, the collisional event can be modelled as a Poison statistic. The coherence of 
the wave falls off as 𝑒𝑥𝑝   − 𝑡 𝜏  which as in the natural broadening case results in a Lorentzian 
line shape. 
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 At the other extreme is the quasistatic approach developed by Holtzmark [54]. The atom 
is assumed to radiate in an environment that is static, yet perturbed during the period of emission. 
The most significant perturbing effect is due to the electric field of neighboring particles. This 
also causes the atomic levels in the radiating atom to be perturbed. The radiator thus experiences 
an instantaneous shift in wavelength, and the average over all possible perturbations gives the 
line width and shape. This approach, contrary to the approach by Lorentz, assumes that the 
collision duration is much greater than the mean time between collisions. Using the nearest 
neighbor approximation to Stark broadening [32], the scaling of the broadening is approximated 
as 𝜈 ∝ ∆𝜈 !  !!.  There is a more intuitive and compact derivation [55] which is more advanced 
for the scope of this study. 
 Due to the difference in velocities of electrons and ions, the electron effects are best 
modelled using the collisional approximation, while ion perturbations are usually approximated 
by the quasistatic approach. In high temperature plasmas of moderate density typical of magnetic 
fusion, Stark broadening is negligible compared to Doppler broadening. 
 
3.5.5 Zeeman Effect 
 Just as there is energy level perturbation and splitting for atoms in an electric field, a 
similar effect occurs for atoms in a magnetic field. The magnetic field in a tokamak can split the 
energy levels in atoms or ions into multiple components, making it energetically degenerate. The 
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difference between energy levels ∆𝐸 is proportional to the magnetic field 𝐵. The number of 
levels also depends on the magnetic quantum number 𝑚! 
 Δ𝐸 = 𝑚!𝜇!𝐵 (3.30) 
where 𝜇! is Bohr magneton, a physical constant (9.27×10!!"  J/T) and natural unit for 
expressing an electron magnetic dipole moment.   
The displacement of the energy levels results in spectral lines from electron transitions 
between the energy levels to also split. This leads to an apparent broadening of the spectral line. 
In the simplest case, the wavelength can be split into three: 𝜆 − Δ𝜆, 𝜆 and 𝜆 + Δ𝜆 
 ∆𝜆 = 𝜆!𝑐 Δ𝐸ℎ  (3.31) 
where 𝑐  is the speed of light and ℎ is Planck`s constant. The wavelength shift Δ𝜆 due to Zeeman 
broadening for C!!! is calculated to be 0.1  Å, based on STOR-M parameters. 
 
3.6 Combining Broadening Mechanisms 
 The various types of spectral broadening will be used as a guideline for developing a 
suitable line shape to fit the experimental data. In reality, all or most of the above broadening 
mechanisms will be present simultaneously. However, some contributions are more dominant 
than others. Given the parameters of STOR-M, the most significant contributions are from 
instrumental broadening and Doppler broadening. The superposition of these broadening effects 
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is a convolution of the line profile functions. The Doppler broadening as discussed can be 
modelled by a Gaussian 𝑓(𝑥) with mean 𝜇! and standard deviation 𝜎! 
 𝑓 𝑥 = 12𝜋𝜎! 𝑒! !!!!
!!!!!  (3.32) 
 For this study, the spectrometer is operated at small entrance slit width. This implies that the 
instrumental broadening can also be modelled as another Gaussian 𝑔(𝑥) with mean 𝜇! and 
standard deviation 𝜎!  
 𝑔 𝑥 = 12𝜋𝜎! 𝑒! !!!!
!!!!!  (3.33) 
The convolution of the two functions is shown below. The usual approach is to use convolution 
theorem [56] 
 𝐹!! 𝐹 𝑓 𝑥 𝐹 𝑔 𝑥 = 𝑓 𝑥 ⊗ 𝑔 𝑥  (3.34) 
where 𝐹 is the Fourier transform 
 𝐹 𝑓 𝑥 = 𝑓 𝑥!!! 𝑒!!!!"#𝑑𝑥 (3.35) 
and 𝐹!! is the inverse Fourier transform 
 𝐹!! 𝐹 𝑘 = 𝐹 𝑘 𝑒!!!"#𝑑𝑘!!!  (3.36) 
Using the transformation 
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 𝑥! = 𝑥 − 𝜇!                  (3.37) 
the Fourier transform of 𝑓(𝑥) is given by 
 𝐹 𝑓 𝑥 = 12𝜋𝜎! 𝑒!!!"!!!!!!! 𝑒!!!!" !!!!! 𝑑𝑥!
= 𝑒!!!!"!!2𝜋𝜎! 𝑒!!!"!!!!!!! 𝑒!!!!"!!𝑑𝑥! 
(3.38) 
Using Euler`s formula [57] 
 𝑒!" = cos𝜃 − 𝑖 sin𝜃 (3.39) 
the term in  𝑒!! can be split to give 
 𝐹 𝑓 𝑥 = 𝑒!!!!"!!2𝜋𝜎! 𝑒!!!"!!!!!!! cos 2𝜋𝑘𝑥! − 𝑖 sin 2𝜋𝑘𝑥! 𝑑𝑥! (3.40) 
The term in sin 𝑥!  is odd so its integral over all space is zero, leaving 
 𝐹 𝑓 𝑥 = 𝑒!!!!"!!2𝜋𝜎! 𝑒!!!"!!!!!!! cos 2𝜋𝑘𝑥! 𝑑𝑥! (3.41) 
This integral is given in standard form as [58] 
 𝑒!!!!!! cos 2𝑥𝑡 𝑑𝑡 = 12 𝜋𝑎 𝑒!!!!  (3.42) 
so 
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 𝐹 𝑓 𝑥 = 𝑒!!!!"!!𝑒!!!!!!!!! (3.43) 
The Fourier transform of 𝑔(𝑥) will give a similar expression, so 
 𝐹 𝑓 𝑥 𝐹 𝑔 𝑥 = 𝑒!!!!"!!𝑒!!!!!!!!!𝑒!!!!"!!𝑒!!!!!!!!!
= 𝑒!!!!" !!!!! 𝑒!!!! !!!!!!! !! (3.44) 
Finally, 
 𝐹!! 𝐹 𝑓 𝑥 𝐹 𝑔 𝑥 = 𝑒!!!!" !!!!! 𝑒!!!! !!!!!!! !!𝑒!!!"#!!! 𝑑𝑘
= 𝑒!!!" !!(!!!!!) 𝑒!!!! !!!!!!! !!𝑑𝑘!!!  (3.45) 
Applying Euler`s formula again and making the odd integral zero gives 
 𝐹!! 𝐹 𝑓 𝑥 𝐹 𝑔 𝑥 = 𝑒!!!! !!!!!!! !! cos 2𝜋𝑘 𝑥 − 𝜇! + 𝜇! 𝑑𝑘!!!  (3.46) 
Using the standard integral in equation (3.42) gives 
 𝐹!! 𝐹 𝑓 𝑥 𝐹 𝑔 𝑥 = 12𝜋 𝜎!! + 𝜎!! 𝑒!  
!! !!!!! !! !!!!!!!  (3.47) 
Hence the convolution of the two Gaussian profiles is also a Gaussian with mean equal to the 
sum of means 𝜇! + 𝜇!, and standard deviation 𝜎!! + 𝜎!! .  
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 Since the width of the spectrum is proportional to the standard deviation of the Gaussian 
function, the observed spectrum can be suitably fitted to a Gaussian whose width is the quadratic 
sum of the two contributing Gaussians 
 ∆𝜆!"#$% ! = ∆𝜆!"##$%& ! + ∆𝜆!"#$%&'("$)* ! (3.48) 
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Chapter Four 
IDS Components, Alignment and Calibration 
4.1 Introduction 
 In this chapter, the specific details of the IDS system will be described. To begin, a 
description of the components of the IDS system will be given. Also, the procedures including 
aligning and calibrating the IDS system will be discussed. 
 
4.2 Mode of Operation 
 Impurity ions emit radiation during plasma discharges. This radiation is transmitted from 
the plasma to the spectrometer via an optical fibre. At the spectrometer end, the optical fibre sits 
just in front of the spectrometer entrance slit. Radiation transmitted through the entrance slit is 
collimated and directed towards the diffraction grating by a collimating mirror. The parallel 
beam is then dispersed by the diffraction grating and part of it falls on a focusing mirror, which 
directs and focuses a spectrum at the exit slit. At the exit of the spectrometer, the spectrum is 
magnified by a fused silica cylindrical rod lens. The magnified spectrum is then detected by a 
16-channel PMT array. 
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4.3 The Spectrometer 
 The spectrometer used in the IDS system is the SPEX 1702 manufactured by Spex 
Industries. A schematic is shown in figure 4.1. The 1702  model is a 0.75 meter spectrometer 
whose drive is linear in wavelength. It is a plane grating, symmetrical Czerny-Turner 
spectrometer capable of detecting wavelengths from  0  Å to 15000  Å with 0.1  Å reading 
accuracy. It has a reflection grating of 1200 grooves/mm and the entrance slit is adjustable up to 3.0  mm with 2  µμm minimum divisions. A manual knob on the side is used to rotate the grating 
to the needed wavelength through the sine bar. The operating principle of the sine bar is 
illustrated below.
 
 The grating is set up such that the incident and diffracted rays are on the same side of the 
grating normal. Let the groove separation of the grating be 𝑑 and let 𝜃! and 𝜃! be the angles of 
incidence and diffraction measured relative to the grating normal. This geometry is shown in 
Figure 4.1: Schematic diagram of SPEX 1702 spectrometer [38]. 
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figure 4.2. Consider two rays marked 1 and 2. Ray 1 has two path length differences. First, ray 1 
must travel a distance 𝑑 sin 𝜃!  further than ray 2 to reach the grating. Then, to reach a point on 
a line perpendicular to the diffracted rays, ray 1 must travel 𝑑 sin 𝜃! . The total path length 
difference between rays 1 and 2 is thus 𝑑 sin 𝜃! + sin 𝜃! . The 𝑛th order bright fringe is 
observed when the total path length difference is an integer multiple of the wavelength of the 
light being observed. With this geometry, the fundamental grating equation for the 𝑛th order 
bright fringe is given as  
 𝑛𝜆 = 𝑑 sin 𝜃! + sin 𝜃!  (4.1) 
Consider an auxiliary line bisecting the angle formed by the incident and diffracted rays. Denote 
by 𝜃! the angle from the bisector to the grating normal. Defining 2𝛾 ≡ 𝜃! − 𝜃!, 
 𝜃! = 𝜃! − 𝛾 (4.2) 
 𝜃! = 𝜃! + 𝛾 (4.3) 
Substituting these into equation (4.1) gives  
 𝑛𝜆 = 2𝑑 sin𝜃! cos 𝛾 (4.4) 
From equation (4.4), there is a linear relationship between sin𝜃! and 𝑛𝜆. In effect, adjusting sin𝜃! can adjust the wavelength to which the spectrometer is tuned. This is the operating 
principle of the sine bar of the spectrometer which rotates the grating, thus changing sin𝜃!. 
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4.4 Dispersion of the Spectrometer 
 As explained earlier, the wavelength at which the spectrometer is to observe is specified 
by the choice of sin𝜃!. However, in practice, the light observed by the spectrometer is not 
always monochromatic. When light that is not of the wavelength for which the spectrometer is 
set is incident on the spectrometer, then for the condition that the total path length difference to 
be an integer multiple of the wavelength, sin𝜃! must change [59]. 
	  
	  	  
	  
	  
	  
  
	  	  	   	  
	  
	  
2   1  
𝑑	  
Figure 4.2: Geometry of diffraction. Both the incident and diffracted rays 
are on the left side of the grating normal. 
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 Light of wavelength for which the spectrometer is set reflects from the grating and is 
incident on the focusing mirror parallel to its optical axis. These paraxial rays are then focused to 
a point. However, rays of slightly different wavelength will be incident on the mirror at a small 
angle 𝜃 from the optical axis. These rays are not focused to a point on the optical axis, rather to a 
point at a height 𝑥 from the optical axis. Specifically, 
 𝑥 = 𝜃𝑓 (4.5) 
where 𝑓 is the focal length of the mirror. As a result, light of a different wavelength than what 
the instrument is set will show up at a different location governed by equation (4.5). A measure 
of how much spread in wavelength there is for a given displacement at the focal point of the 
focusing mirror is dispersion 𝐷. Mathematically 
 𝐷 = 𝑑𝜆𝑑𝑥 (4.6) 
Substituting in the differential of equations (4.4) and (4.6) using the chain rule gives 
 𝐷 = 𝑑 cos𝜃!𝑛𝑓  (4.7) 
The dispersion of the spectrometer improves for large n. The IDS system installed on STOR-M 
is designed to operate at the first order [28]. 
 Another important factor to consider with the spectrometer is the resolution. The 
resolution of a spectrometer is affected by the diffraction limit of the grating as well as the effect 
of finite input slit width. From equation (4.5), the diffraction limit of the grating can be 
approximated as  
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 𝑑𝜃 = 𝑑𝑥𝑓 = 𝜆𝑊 (4.8) 
where 𝑊 is the width of the diffraction grating.  Combining equations (4.8) with (4.6) and (4.7) 
gives  
 𝑑𝜃 = 𝑑𝑥 𝑑 cos𝜃!𝑛𝑓 = 𝜆𝑊 𝑑 cos𝜃!𝑛  (4.9) 
The ruling number 𝑁 is defined as the width of the diffraction grating divided by the distance 
between neighboring grooves 
 𝑁 =𝑊𝑑  (4.10) 
For small diffraction angles, cos𝜃! ≈ 1 and the diffraction limit of the grating can be simplified 
as  
 𝑑𝜆 = 𝜆𝑛𝑁 (4.11) 
For the IDS system installed on STOR-M, 𝑁 = 1200 !"##$%&!! ×102𝑚𝑚 = 1.22×10!  𝑔𝑟𝑜𝑜𝑣𝑒𝑠. 
For a typical wavelength of 4000  Å, the resolution due to diffraction is   
 𝑑𝜆 = 4000  Å1.22×10! = 0.033  Å (4.12) 
 The other factor affecting the resolution of the spectrometer is the effect of the finite 
input slit width. This effect can be measured quantitatively. The product of the reciprocal linear 
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dispersion and the input slit width is a measure of this resolution. The spectrometer used in this 
study was operated at 10  µμm input slit width corresponding to a resolution of 0.1  Å. 
 
4.5 Collection and Input Optics 
 The collection optics consists of a collimating lens connected to a focusing lens via an 
optical fibre bundle made up of 12 fused silica fibres. Light is collected from a quartz vacuum 
window on a tangential and normal port at the midplane of the STOR-M chamber. The normal 
port is used for observing the unshifted wavelength and the tangential port, for the Doppler 
shifted wavelength. The line of sight of the normal port is in the radial direction while that of the 
tangential port is tangential to the central line of the tokamak chamber. 
 Light from the quartz window is focused to the optical bundle by a plano convex lens of 
diameter 1.0  inch. The fibre bundle at the tokamak end is closely packed, allowing parallel light 
from the tokamak to be focussed on. At the spectrometer end, the optical fibre is bundled 
linearly. Light emerging from the spectrometer end of the fibre bundle is collimated by a 
converging lens to match the entrance slit. A knob located above the entrance is used for 
adjusting the width of the slit. The input optics at the spectrometer end is mounted on an optical 
rail allowing its position to be adjusted in order to transmit abundant light. A schematic of the 
input optics is shown in figure 4.3. 
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Light from the STOR-M 
 
 
 
 
 
 
4.6 Exit Optics 
 The output optics serves to magnify the spectrum in the dispersion direction. The exit 
optics consists of a fused silica cylindrical rod lens mounted on a stage assembly. The stage 
assembly is capable of rotating around the optical axis of the spectrometer as well as translating 
in three dimensions. The physical size of the cylindrical lens is 3.14  mm in diameter, 30.0  mm 
in length and has a focal length of 2.36  mm. The short focal length of the lens makes it have a 
large magnification 𝑀. In order to accommodate for the cylindrical rod lens and the optical stage 
holding it, the exit slit of the spectrometer is removed. The magnification of the cylindrical rod 
	  
 
 
 
 
Focus Lens 
Figure 4.3: Schematic of the light collection optics [28]. It consists of a 
collimating lens, optical fibre bundle and a focusing lens. 
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lens used in STOR-M has been calculated to be 𝑀 ≈ 63.6~212, depending on the position of 
the detector. After magnification, the linear dispersion is modified as 
 𝑑𝜆𝑑𝑥 !"#$%&%'( = 𝑀 𝑑𝜆𝑑𝑥 !"#$#%&' (4.13) 
  
4.7 The Detector, Electronics and Data Acquisition 
 The magnified spectrum is detected by a 16-channel photomultiplier tube array consisting 
of a photocathode, dynodes and anode. Photons incident on the photocathode of the PMT causes 
emission of photoelectrons. This further generates secondary emissions of electrons in the 
dynode and the anode captures the generated current. This is the basic principle that governs the 
operation of the PMT. The PMT used is able to detect light of wavelength from 1650  Å to 8500  Å. Also the photosensitive material in the photocathode has a high quantum efficiency in 
the wavelength region 2000  Å to 6500  Å with a peak quantum efficiency at 4200  Å [60]. This 
makes it ideal for the range of wavelengths for this study. The PMT is embedded in a socket 
assembly which supplies a D.C voltage of −900  V and transfers the current signal. The PMT 
array together with the socket assembly is mounted on a two-axis translation stage. This permits 
the tube to be moved in the dispersive direction to allow for proper optical alignment and along 
the optical axis for focusing. The exit optics, PMT array and translation stage are all enclosed in 
a light-tight box with a door at the side for adjusting the optical parts. 
 The current signal form the PMT array is converted to a voltage signal using a current-
voltage preamplifier. The preamplifier is built from 467 operational amplifiers with a pick up 
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resistance of 1  MΩ. The input and output resistance are also chosen to ensure impedance 
matching with the coaxial cable used to convey the voltage signals to the data acquisition system 
(DAQ). The schematic of the preamplifier is shown in figure 4.4. The preamplifier is powered by 
a ±12  V DC power supply. 
 The DAQ is equipped with National Instruments NI-6133 digitizers, which have a 
sampling frequency up to 1 MHz. Signals form the IDS are sampled at 1 MHz after triggering, 
and the data is recorded by the digitizer for 60  ms. A LabVIEW program is used to interface the 
digitizer to a computer where the data is stored. 
 
 
 
 
 
4.8 System Alignment and Calibration 
 For data accuracy, the IDS system has to be aligned and calibrated before measurement. 
Also calibrating the system enables the dispersion of the IDS to be determined as well as the 
Figure 4.4: Schematic of I-V preamplifier [28]. The combination of the 100 pF 
capacitor and 1 MΩ resistor works as a low-pass filter with an RC time of 0.1 𝜇𝑠. 
100  pF  
1  MΩ	  50  Ω	   50  Ω	   RG-­‐174  RG-­‐174  
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absolute wavelength at which a spectral line with zero Doppler shift will appear. The details of 
alignment and calibration are given below. 
 To align the system, the bench and the spectrometer is levelled by adjusting the height of 
the feet using air mounts while observing the bubble for balance. The air mounts minimize 
mechanical shift of the light spot between two channels by damping the mechanical vibration 
during plasma discharge. The surface of the PMT is then covered with a piece of white paper and 
a He-Ne laser of wavelength 6328  Å is used to illuminate the IDS system. The position of the 
PMT and orientation of the cylindrical rod lens are adjusted until a clear image is seen on the 
PMT surface. The position of the input optical fibre is also adjusted to ensure the brightest 
incoming light. 
 Having aligned the system, the laser is switched off and the sheet of paper is taken off the 
PMT surface. The IDS system is then calibrated using a mercury lamp. The spectrometer is set to 
scan over two known wavelengths of the mercury lamp. The wavelengths used are 4358.4  Å and 5460.7  Å. The spectrometer grating motor speed is set to 10  Å/min to scan increasingly over the 
two wavelengths. Each channel of the PMT records a waveform as the spectrum of the mercury 
lamp sweeps along the PMT surface. Figure 4.5 shows the calibration waveform obtained. The 
plot was made using a MATLAB code. The calibration data is sampled for 60  ms after 
triggering. The plot is smoothened and a relationship between time and the wavelength at which 
the peak voltage occurs is used to convert time into wavelength. The data is finally fitted to a 
Gaussian and the parameters are stored on file. From the stored parameters, the area under each 
Gaussian for the 16 channels is used to calculate the relative sensitivity of the PMT channels. 
The relative sensitivity result is applied when analyzing data from plasma discharges.  
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 The difference in peak value of each waveform of the 16 channels can be used to 
determine the dispersion of the spectrometer. At the present set up, this is found to be about 0.2  Å between two adjacent channels. This result is also applied during data analyses. Other 
measurements made during calibration include DC offset, instrumental broadening, sensitivity of 
each PMT channel and wavelength difference between each PMT channel. Table 4.1 summarizes 
the calibration results. Instrumental broadening can be investigated by observing the spectral 
waveform of the mercury lamp with varying input slit widths. The broadening is larger as the 
input slit widens as seen earlier in chapter 3.   
 
 
 
Figure 4.5: Calibration waveform of mercury lamp (blue curves) for each of 16 
channels. As the mercury light sweeps across the PMT surface, each channel records 
a certain waveform.  The waveforms are fitted to a Gaussian function (red curves). 
The fitted Gaussian waveform is superposed on the original waveform. 
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PMT	  
Channel	  
Sensitivity	  
of	  Channel	  
Width	  of	  
Gaussian	  
Wavelength	  Diff.	  
Between	  Channels	  /	  Å	   DC	  Offset	  /	  V	  
1	   1.151	   0.648	   -­‐1.591	   -­‐0.115	  
2	   1.157	   0.608	   -­‐1.336	   -­‐0.108	  
3	   1.115	   0.617	   -­‐1.161	   -­‐0.116	  
4	   1.099	   0.613	   -­‐0.969	   -­‐0.116	  
5	   1.041	   0.616	   -­‐0.776	   -­‐0.129	  
6	   1.040	   0.625	   -­‐0.581	   -­‐0.126	  
7	   1.163	   0.634	   -­‐0.387	   -­‐0.130	  
8	   1.318	   0.629	   -­‐0.188	   -­‐0.131	  
9	   1.089	   0.627	   0	   -­‐0.139	  
10	   1.027	   0.633	   0.189	   -­‐0.129	  
11	   1.058	   0.652	   0.381	   -­‐0.146	  
12	   1	   0.651	   0.585	   -­‐0.142	  
13	   1.028	   0.632	   0.787	   -­‐0.156	  
14	   1.057	   0.621	   0.982	   -­‐0.152	  
15	   1.199	   0.625	   1.172	   -­‐0.138	  
16	   1.310	   0.646	   1.375	   -­‐0.143	  
 
 
 
 
 
 
 
 
 
Table 4.1: Summary of calibration results. 
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Chapter Five 
Experimental Results 
5.1 Introduction 
 This chapter focuses mainly on the experimental results obtained from this study. The 
results of the time resolved flow velocity of impurity ions in STOR-M with the application of 
both RMP and CTI would be shown. In order to avoid ambiguity in the flow measurements, the 
definition of the plasma flow direction will be given. Another important point to note is that, the 
cylindrical rod lens reverses the relative positions of the spectrum and this needs to be factored in 
when analyzing data. 
 
5.2 Definition of Plasma Flow Direction 
 The IDS diagnostic installed on the STOR-M tokamak is able to record data with a time 
resolution of 0.1  ms. This resolution allows fast ion velocity variation investigations in plasma 
flow measurements. In order to effectively examine plasma flow, a definition of plasma flow 
direction needs to be established. It is essential to keep a consistent definition through all 
measurements.  
 For normal operations in STOR-M, the plasma current is in the counter-clockwise 
direction while the toroidal magnetic field is in the clockwise direction (all top views). In the 
reverse current operation mode the plasma current is changed to the clockwise direction and the 
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toroidal magnetic field direction remains clockwise. To maintain uniformity in the presentation 
of the flow results, positive flow is defined as counter-clockwise direction (or co-current 
direction for normal plasma current) whereas negative flow, as clockwise direction. Another 
important factor to consider during data analyses is the relative position of the PMT channels. 
The PMT is arranged such that when viewed from the top facing the tokamak, the right side has 
lower channel numbers. When light from the tokamak enters the spectrometer, the shorter 
wavelength is diffracted to smaller angle compared with longer wavelength. However, as the 
diffracted beam exits the spectrometer, the cylindrical rod lens reverses the relative positions of 
the spectrum. As a result, the lower channel numbers of the PMT record shorter wavelength of 
the spectrum, which is incorporated in the analyses of the experimental data. The pictorial 
representation of the setup (top view) is illustrated in figure 5.1. 
 
Figure 5.1: Top view of the STOR-M tokamak and the IDS setup [28].	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5.3 Plasma Flow with RMP 
The effect of the RMP on toroidal plasma flow is examined for different plasma current. 
Varying the plasma current varies the edge safety factor. Depending on the specific ion species, 
the plasma current was varied from 10  kA to 22  kA corresponding to a variation in q-value of 3.9 
to 9. Varying the voltages to which the slow and fast OH banks were charged varied the plasma 
current. Generally C!!! emissions were observable from 10  kA to 22  kA of plasma current 
whereas O! and C!", from 15  kA to 22  kA and 18  kA to 22  kA respectively. In effect, the 
threshold for emission was observed to be higher for higher ionization states. The plasma 
discharge parameters were also optimized to avoid disruption during different operations. The 
toroidal field was kept constant at 0.575  T during the measurement. From the parameters of 
STOR-M, the edge safety factor 𝑞(𝑎) varies with plasma current 𝐼! as 
 𝑞(𝑎) ≈ 90𝐼!  (5.1) 
where 𝐼! is measured in kA. A combination of SRMP and FRMP pulses were applied during the 
plasma flat top. The RMP pulse was 8  ms long with FRMP fired 3  ms after SRMP as shown in 
figure 5.1. The pulse was applied 20  ms after OH. During operation with RMP, the chamber 
pressure was reduced to 9.7×10!!  Torr. The RMP current was kept constant during the plasma 
discharge. Figures 5.3, 5.4, 5.5 and 5.6 show sample traces of STOR-M discharge parameters; 
plasma current, loop voltage and plasma position (from top), for different plasma current during 
discharges with RMP. 
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Figure 5.3: Waveforms of plasma current (I!), loop voltage (V!) and plasma 
position (dH) during discharge with RMP. The plasma current is estimated to 
be 10  𝑘𝐴 (𝑞(𝑎) = 9). 
Figure 5.2: Waveform of RMP current. The RMP pulse lasts 8  ms during 
which FRMP is fired 3  ms after the start of SRMP. The amplitude of the 
SRMP pulse decays by 120  A during the pulse duration. 
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Figure 5.4: Waveforms of plasma current (I!), loop voltage (V!) and plasma 
position (dH) during discharge with RMP. The plasma current is estimated to 
be 15  kA (𝑞(𝑎) = 6).  
Figure 5.5: Waveforms of plasma current (I!), loop voltage (V!) and plasma 
position (dH) during discharge with RMP. The plasma current is estimated to 
be 18  kA (𝑞(𝑎) = 5).  
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The spectrometer was set to the wavelength of each impurity ion and data from all the 
diagnostics were collected. The known wavelengths of the impurity ions are 4547.4  Å for C!!!, 6500.2  Å for O! and 5290.5  Å for C!". During the calibration of the IDS system, the offset in the 
wavelength reading on the spectrometer was measured to be 1.6  Å. Using this difference in 
wavelength, the wavelength of each impurity ion was adjusted (to correct for the offset) during 
measurements. As shown earlier, the C!!! emission line peak is located near 𝑟   =   7  cm, O! 
around 𝑟   =   3  cm and C!" line at 𝑟   =   0  cm. Since O! and C!" emissions occur at the plasma 
core, they will be referred to as core emissions, whereas C!!! emission, which occurs at the 
plasma edge, will be referred to as periphery emission. 
For each impurity emission, a normal port viewing radially into the STOR-M chamber 
was used to observe the unshifted wavelength and a tangential port, for the Doppler shifted 
Figure 5.6: Waveforms of plasma current (I!), loop voltage (V!) and plasma 
position (dH) during discharge with RMP. The plasma current is estimated to 
be 22  kA (𝑞(𝑎) = 4.1).  
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wavelength. Figures 5.7a and 5.7b show the time evolution of C!!! emission recorded from the 
normal and tangential port respectively. Each PMT channel records a waveform, making 16 
waveforms in total. To analyze the data, all 16 signals measured from both the normal and 
tangential port at a particular time (𝜆! , 𝑡 for 𝑖 = 1: 16) are fitted to the Gaussian function 
 𝐹 𝜆! = 𝐴𝑒𝑥𝑝 − 𝜆! − 𝜆!𝜎 ! (5.2) 
where 𝐴 is the amplitude of the function, 𝜆! is the calibrated wavelength of the i-th channel, 𝜆! is 
the wavelength corresponding to the peak and 𝜎 is the width of the Gaussian.  
   
 
Figure 5.7a: Intensity profile of C!!! recorded from the normal port during plasma 
discharge. Data from all 16 channels at a fixed time (say 𝑡 = 15  ms  indicated with 
red dashed line) is fitted to a Gaussian. 
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For each intensity profile shown in figure 5.7, voltage signals from all 16 channels at 𝑡 = 15  ms 
is plotted in figure 5.8. It can be seen that data from both the normal and tangential port can be 
modelled by a Gaussian. To evaluate the velocity, voltage signals from all 16 channels (at a fixed 
time) were fitted to the Gaussian in equation 5.2. Figure 5.9 shows the Gaussian fitted profile for C!!! for both the normal and tangential reading at 𝑡 = 15  ms. For the tangential reading, it was 
observed that the peak of the Gaussian profile shifted to larger channel number (and longer 
wavelength as shown in Fig. 5.1), indicating a red shift for a plasma moving away from the 
collection lens (counter clockwise or co-current flow). The wavelength difference between each 
PMT channel was also determined during the system calibration, where channel 9 was taken as 
the central channel. The wavelength difference between each PMT channel was found to be 
Figure 5.7b: Intensity profile of C!!! recorded from the tangential port during plasma 
discharge. Data from all 16 channels at a fixed time (say 𝑡 = 15  ms  indicated with 
blue dashed line) is fitted to a Gaussian.	  
	   	   	   	   	   	  
	   	   68	   	  
	   	   	   	   	   	  
	   	   	  
about 0.2  Å as shown in table 4.1. This result was applied to each fitted data to convert the PMT 
channel numbers to wavelengths as shown in figure 5.9. For the plot shown in figure 5.9, the 
unshifted data (normal port) peaks at 4647.39  Å with FWHM of 2.336, while the shifted data 
(tangential port) peaks at 4647.51  Å with FWHM of 2.654. The difference between the shifted 
and unshifted wavelength was used to evaluate the toroidal velocity form equation 3.18 as  
 𝑣 = Δ𝜆𝜆! 𝑐 (5.3) 
where Δ𝜆 is the difference between the shifted and unshifted wavelength, 𝜆! is the wavelength of 
the impurity ion and 𝑐 is the speed of light. For the C!!! (at 𝑡 = 15  ms) case shown in figure 5.9, 
the difference between the peak wavelengths was found to be 0.12  Å which gives a velocity of 8  km/s. Repeating this process for all other values of 𝑡, the time evolution of the velocity profile 
was obtained for the three impurity ions.  
 
Figure 5.8a: Voltage recorded by the 16 channels of the PMT 
at 𝑡 = 15  ms from the normal port for C!!!. 
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Figure 5.8b: Voltage recorded by the 16 channels of the PMT 
at 𝑡 = 15  ms from the tangential port for C!!!. 
Figure 5.9: Gaussian fitting to data from normal (red) and tangential (blue) port. 
The calibration data is used to convert the PMT channels to wavelengths with 
channel 9 chosen as the central channel.   
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The error in the flow measurements was estimated using the uncertainty in the centroid of 
the Gaussian fitted peaks for both the shifted and unshifted profiles. For each plasma current, 
multiple shots were observed. Since the wavelength difference is used in the velocity evaluation, 
the error in the flow measurement is the sum of the errors in the shifted and unshifed profiles. To 
avoid clumsiness in the presentation of results, error bars are plotted at 5  ms  time interval for 
each velocity profile. Figures 5.10, 5.12 and 5.13 illustrate the time evolution of the toroidal flow 
velocity of impurity ions for discharges with RMP. The RMP current profile is superposed above 
each velocity profile for reference. The flow measurements for both the core and periphery 
emissions are smoothened for 1  ms. The toroidal flow of C!!! was measured with both SRMP and 
FRMP application whereas the core emissions were measured with only SRMP application. 
 From the result for C!!!, the base plasma flow velocity is positive, indicating a flow in the 
counter clockwise direction, or co-current direction. The toroidal velocity is in the range between 4  and 8  km/s at 𝑡 = 17  ms before RMP was applied. The toroidal velocity was observed to 
increase sharply when RMP was triggered, peaking during both SRMP and FRMP application. 
The toroidal velocity then reduces gradually to a value below the base velocity after RMP. The 
peak observed in the velocity profile may be due to additional effects introduced by FRMP pulse. 
The only way to see the effect of SRMP and FRMP on toroidal flow is to take also, velocity 
measurements with only SRMP and only FRMP and compare the results. This was however not 
done in this research. 
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Figure 5.11 shows the variation of toroidal velocity of C!!! before RMP at 𝑡 = 17  ms, 
during SRMP at 𝑡 = 21.5  ms and during the combined SRMP and FRMP pulses at 𝑡 = 24  ms as 
a function of the plasma current. This plot was created by taking velocity measurements at three 
specific times (illustrated by dashed vertical lines in figure 5.10) for all plasma current and 
Figure 5.10: Time evolution of the toroidal velocity of C!!! with RMP profile 
superposed above. Error bars are plotted at 5  ms time interval and velocities at times 
indicated by black, red and blue dashed lines would be used to investigate the 
relationship between plasma current and toroidal velocity.  
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plotting them against the plasma current. It was observed that the magnitude of the toroidal 
velocity increased with plasma current. However a much significant increase was observed when 
SRMP and FRMP pulses were combined. This may be due to additional factors introduced by 
the FRMP pulse. 
 
 
Unlike the toroidal flow velocity of C!!!, the base plasma flow velocity of O! is negative, 
indicating a flow in the clockwise direction, or counter-current direction. A steep change in the 
velocity towards the co-current direction (positive) is observed for about 2  ms when SRMP is 
applied. The velocity remains fairly constant for the next 5  ms and then reduces sharply to about 
the base velocity after RMP.  The velocity pattern observed for C!" is a little bit different from 
those of C!!! and O!. The toroidal velocity of C!" was observed to increase in absolute value 
(decrease in magnitude) before SRMP was applied at 𝑡 = 20  ms. The velocity increased further 
peaking at different times during SRMP. After the SRMP, the toroidal velocity was observed to 
reduce gradually to a value higher than the base velocity. 
Figure 5.11: Variation in toroidal flow of C!!! at 𝑡 = 17  ms (before RMP), 𝑡 = 21  ms (during SRMP) and 𝑡 = 24  ms (during SRMP and FRMP) for 
different plasma current. 
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Figure 5.12: Time evolution of the toroidal velocity of O! with SRMP 
profile superposed above. The RMP current is almost kept constant at 
about 1  kA for the different plasma current observed. 
	   	   	   	   	   	  
	   	   74	   	  
	   	   	   	   	   	  
	   	   	  
  
 
 
 
For all the three impurity ions, the toroidal velocity of each ion increased in (or towards) 
the co-current direction when RMP was applied. For C!!!, there was a further increase towards 
the co-current direction whereas the core emissions experienced a reversal from the counter 
current to the co-current direction when RMP was applied. Before SRMP was applied, the 
toroidal velocities of O! and C!" were negative, indicating counter-current direction. However on 
application of the RMP pulse, the toroidal velocities changed and reversed towards the co-
current direction. The toroidal velocity of C!!! increased by about 9  km/s, O! by about 5  km/s 
Figure 5.13: Time evolution of the toroidal velocity of C!" with SRMP 
profile superposed above. The RMP current is almost kept constant at 
about 1  kA for the different plasma current observed. 
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and C!" by about 9  km/s. The change in toroidal velocity lapsed about 15  ms for C!!!, 10  ms for O! and 17  ms  for C!".  
Figures 5.14, 5.15 and 5.16 shows the difference in the toroidal velocities of C!!!, O! and C!" and their original velocity at 𝑡 = 10  ms  as indicated in figures 5.10, 5.12 and 5.13 for plasma 
discharges with RMP. For  C!!!, the change in the toroidal velocity was relatively small before 
RMP, increased during the duration of the RMP pulse and maxed out when SRMP and FRMP 
pulses were combined. Although the base velocity ranged over 3.5  km/s, the effect of RMP on 
the change in toroidal velocity of C!!! for the different plasma current shows a similar pattern 
with only 0.3  km/s (within the error bar) difference in the peak toroidal velocity change.  
 
   
The change in the toroidal velocity of O! is also relatively small before RMP. During the 
application of SRMP, the change in toroidal velocity becomes significant for the different plasma 
current with about 1  km/s difference between each velocity profile during RMP. This may be 
Figure 5.14: Change in toroidal velocity of C!!! from its original 
velocity during SRMP and FRMP. 
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due to the 𝑞 = 2 surface being located within the O! emission location for higher plasma current. 
The RMP coils on STOR-M are designed to target the 𝑞 = 2 surface. This may have led to the 
significant change in the toroidal velocity at this location. 
          
  
The change in the toroidal velocity of C!" like the other two ions is relatively small before 
RMP and becomes significant during application of SRMP. Unlike the previous cases of   C!!! and O!, the change in the toroidal velocity assumes different patterns for different plasma current, 
peaking at different times during SRMP application. Similar to  O! however, the difference in 
toroidal velocity between plasma current is significant. This can also be attributed to the 𝑞 = 2 
surface being located within the C!" emission location as was observed for  O!. 
Figure 5.15: Change in toroidal velocity of O! from its original 
velocity during SRMP. 
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 Figure 5.17 shows the velocity trace for the impurity emissions for a specific case when 𝐼! = 22  kA (𝑞 𝑎 = 4.1). For the C!!! emission, FRMP was triggered 3 ms after SRMP. 
However, for the core emissions, only SRMP was applied. It is observed that for the same 
plasma current, the outer and inner impurity ions (C!!! and  C!") have a higher toroidal velocity 
compared with  O! (median impurity ion) before RMP. On application of RMP, C!!! and  O! attain 
maximum velocity change in a relatively shorter time period compared with  C!". The effect of 
RMP on the toroidal velocity of the two outer impurity ions (C!!! and  O!) also diminishes 
immediately after the RMP pulse is removed. However, the effect of RMP on the toroidal 
velocity of C!" remains significant even after the duration of the RMP pulse. It should be 
mentioned that discharge duration during the day when C!!! and C!" were measured, were 
typically longer than discharges for  O!. The time interval in figure 5.17 is however truncated to 35  ms so as to compare the results for the impurity emissions. Fast responses of  O! to RMP may 
Figure 5.16: Change in toroidal velocity of C!" from its original 
velocity during SRMP. 
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indicate that the velocity change due to RMP is most effective on that location and the slow 
change of the  C!" and  C!!! impurity ions may have indicated a momentum propagation from the 
radial location of  O! inwards to the core and outwards to the edge. 
 
 
 
 
 
 
 
Figure 5.17: Toroidal velocity of the 3 impurity ions during discharge with RMP (𝐼! = 22  kA). The red dashed line is the time during which the RMP pulse is 
applied. 
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5.4 Toroidal Flow with Compact Torus Injection  
 The toroidal flow velocity was also investigated with compact torus (CT) injection. 
Compact torus has being proposed as a possible fuelling technique for large fusion devices [61]. 
Compact toroids are self-organized magnetic plasmoids which is formed using coaxial electrodes 
and a solenoid magnetic field coil. The CT plasmoid, similar to tokamak plasma, has both 
poloidal and toroidal magnetic fields. A University of Saskatchewan Compact Torus Injector 
(USCTI) has been installed on the STOR-M tokamak to inject tangentially into STOR-M plasma. 
The plasmoid can be injected at very high velocities in fast time periods. Typically, the CT 
penetration is in 10’s of microseconds but its effect on the tokamak plasma is lasting. The setup 
of the CTI is shown in figure 5.18. The injector is attached at the midplane of the tokamak 
chamber aiming tangentially into the chamber through a port. During injection of CT, the STOR-
M discharge parameters were optimized to avoid disruptions. Specifically, the chamber pressure 
was reduced to about 7.5×10!!  Torr to allow for disruption-free discharges. Figures 5.19, 5.20 
and 5.21 show traces of STOR-M discharge parameters with CT injection at 𝑡 = 17 ms 
(indicated by blue dashed lines).  It can be seen that CTI does not noticeably change the global 
discharge parameters shown in the diagrams. However, the density is expected to increase as 
observed preciously (Unfortunately, the interferometer did not work during this experimental 
campaign). It was observed that the duration of the plasma discharges were typically shorter 
compared to discharges with RMP. 
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Figure 5.18: Top view of the CTI on STOR-M. The injector is 
connected to the midplane of STOR-M chamber via bellows. 
Figure 5.19: Trace of STOR-M parameters during discharges with 
CT for 15  kA plasma current. 
	   	   	   	   	   	  
	   	   81	   	  
	   	   	   	   	   	  
	   	   	  
 
 
 
 
Figure 5.20: Trace of STOR-M parameters during discharges with 
CT for 18  kA plasma current. 
Figure 5.21: Trace of STOR-M parameters during discharges 
with CT for 20  kA plasma current. 
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The effect of CT injection on the toroidal flow velocity of STOR-M plasma was investigated for 
different plasma current. The method of data analyses is the same as was done for the results in 
Section 5.3. Traces for the flow velocity are smoothened for 1  ms and error bars are plotted for 
every 5  ms time interval for the velocity traces. Multiple shots were observed for each plasma 
current with the deviation in each measurement plotted as errors. The results of the flow 
measurement are shown in figures 5.22, 5.23 and 5.24 for C!!!, O! and C!" respectively for a 
discharge current of 12  kA  to 22  kA for C!!!, 16  kA to 22  kA for O! and 18  kA  to 22  kA for C!". 
The CT is set up to inject tangentially in the counter clockwise direction into STOR-M chamber. 
 The flow velocity of C!!! was in the co-current direction (same as CTI direction) before 
CT was triggered at 𝑡 = 17  ms. On injection of CT, the toroidal velocity of C!!! was enhanced in 
the CT injection direction. The toroidal velocity was observed to rise sharply (about 1  ms) to a 
peak value immediately after CT injection. The toroidal velocity reduces sharply and then 
gradually to a value lower than its initial velocity at the end of the discharge. 
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The toroidal velocity of the core ions was also modified after CT injection. As shown in 
figure 5.23, the toroidal velocity of O! remained fairly constant in the counter current direction 
before CT injection. The toroidal velocity was observed to increase steeply towards the CT 
injection direction immediately after CT injection, where it plateaued at the maximum velocity 
for about 4  ms. It then reduced to a value lower than its initial velocity towards the end of the 
discharge. However, for 𝐼! = 22  kA  (𝑞 = 4.1), the toroidal velocity of O! dropped 2  ms after 
reaching its maximum forming a step in the profile. All the same, the profile observed for the 
different plasma current was similar.    
Figure 5.22: Toroidal flow velocity profile of C!!! during plasma discharge 
with CT injection. Error bars are plotted for every 5  ms time interval.
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The toroidal velocity of C!" was observed to reduce by about 15% in the counter current 
direction before CT was triggered. After CT injection, a sharp increase in the toroidal velocity 
towards the CT injection direction was observed. After reaching a maximum velocity, a slight 
reduction in the velocity (about 10%), was observed for about 6  ms. This was followed by a 
steep decrease in the toroidal velocity towards the end of the discharge. Also, for                    𝐼! = 22  kA  (𝑞 = 4.1), the toroidal velocity reduced after attaining maximum velocity causing a 
dip in the profile. However, in general, a similar velocity profile was observed for the different 
plasma current. 
Figure 5.23: Toroidal flow velocity profile of O! during plasma discharge 
with CT injection. Error bars are plotted for every 5  ms time interval. 
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Figure 5.25 compares the toroidal velocity of the three ions for the case when            𝐼!   = 22  kA  (𝑞 = 4.1). As observed, the toroidal velocity of C!!! increased by 4  km/s for 2  ms 
in the same direction as CT injection. That of O! and C!" also increased by 3  km/s for 5  ms and 6  km/s for 8  ms respectively. It was observed that for all three impurity ions, the toroidal 
velocity was enhanced in the CT injection direction with larger velocity modification for the core 
ions. The modification in the toroidal velocity of the three ions may be attributed to momentum 
being injected into the plasma when CT is injected. In addition, the enhanced flow observed is 
also indicative of improvement in the plasma confinement by CT. 
Figure 5.24: Toroidal flow velocity profile of C!" during plasma discharge 
with CT injection. Error bars are plotted for every 5  ms time interval. 
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Figures 5.26, 5.27 and 5.28 show the change in the toroidal flow from its original 
velocity for C!!!, O! and C!" respectively. The change in the toroidal velocity of C!!! is 
approximately zero before CT injection. An increase in the toroidal velocity was observed when 
CT was triggered at 𝑡 = 17  ms, reaching a peak at 𝑡 = 18  ms. Noticeably, the peak velocity 
observed for the smallest current  𝐼! = 12  kA was about 1  km/s less than the peak velocity 
observed for other values of plasma current. 
Figure 5.25: Toroidal velocity of the three impurity ions during 
discharge with CT for the case when 𝐼! = 22  kA. The black 
dashed line indicates the CT injection time.	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Similarly, the change in the toroidal velocity of  O! was relatively small before CT 
injection at 𝑡 = 17  ms. After CT injection, a net positive increase in the toroidal velocity was 
observed for all values of plasma current. The maximum velocity attained and the duration of 
velocity change was observed to generally increase with increasing plasma current. For all 
discharges observed with CTI, the toroidal velocity of O! reduced to a value lower than its base 
velocity at the end of the discharge because the base velocity without CT injection decreases 
similarly. 
 
 
 
Figure 5.26: Change in toroidal velocity of C!!! form its initial 
velocity after CT injection at t = 17  ms.  
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Although the base velocity for C!" ranges over 2  km/s, the effect of CT injection on the 
change in the toroidal velocity for different plasma current has a similar profile. However, the 
profile for 𝐼! = 22  kA dips 2  ms after CT injection resulting in a double peak as shown in figure 
5.28. Also, for all the plasma current observed, the toroidal velocity reduces back to the base 
velocity towards the end of the plasma discharge.  
 
Figure 5.27: Change in toroidal velocity of O! form its initial 
velocity after CT injection at t = 17  ms.  
	   	   	   	   	   	  
	   	   89	   	  
	   	   	   	   	   	  
	   	   	  
 
 
   
 
 
 
 
 
 
 
Figure 5.28: Change in toroidal velocity of C!" from its initial 
velocity after CT injection at t = 17  ms.  
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Chapter Six 
Summary and Conclusion 
 This final chapter of the dissertation will summarize the key results of the research. The 
IDS system installed on STOR-M has been re-commissioned, calibrated and used to observe 
spectral line emission from impurity ions during plasma discharges with RMP and CTI. This was 
done for different edge safety factors corresponding to different plasma current. The time 
resolved spectral data was used to diagnose the velocity of the edge localized ion emissions and 
the core ion emissions. Properties of the impurity ions are closely linked to that of the hydrogen 
ions (main working gas) due to the strong interaction among the ion species. The candidates 
identified for the flow measurements were C!!!,O!  and C!". These ions are intrinsic to STOR-M 
plasma and no further impurity injection was needed. Ions with lower ionization states are 
located at the edge of the plasma and those with higher ionization states are located in the core 
region of the plasma.  
 The flow velocity was deduced from the unshifted and Doppler shifted wavelength of a 
specific impurity ion. It was observed that both RMP and CTI have similar effects on the toroidal 
flow velocity. The velocity of edge ions increased towards the same direction as the plasma 
current for discharges with both CTI and RMP. However, for the core emissions, the flow is 
reversed from counter current direction to co-current direction for plasma discharges with RMP 
and CTI. Typically, the application of RMP caused a longer duration in the change of the plasma 
velocity compared with that of CTI for the same plasma current since the RMP pulse is much 
longer than the CT injection time. Also higher plasma current (lower edge safety factor) induced 
	   	   	   	   	   	  
	   	   91	   	  
	   	   	   	   	   	  
	   	   	  
larger change in the toroidal plasma flow. RMP has a significant impact on the toroidal velocity 
of impurity ions located near the 𝑞 = 2 surface whereas CT enhances the toroidal velocity of 
both the core and periphery ions. A possible reason may be the suppression of the magnetic 
islands at the 𝑞 = 2 surface by the RMP coils and injection of toroidal momentum into STOR-M 
plasma by CT.  
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